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Abstract—Distinct from the conventional machines with 
only one electrical and one mechanical port, electrical 
machines featuring multiple electrical/mechanical ports 
(the so-called multi-port electrical machines) provide a 
compact, flexible, and highly-efficient manner to convert 
and/or transfer energies among different ports. This paper 
attempts to make a comprehensive overview of existing 
multi-port topologies, from fundamental characteristics to 
advanced modeling, analysis, and control, with particular 
emphasis on the extensively investigated brushless 
doubly-fed machines for highly-reliable wind turbines and 
power split devices for hybrid electric vehicles. A 
qualitative review approach is mainly adopted but strong 
efforts are also made to quantitatively highlight the 
electromagnetic and control performance. Research 
challenges are identified and future trends are discussed. 
 

Index Terms—Ac machines, doubly-fed, dual-rotor, 
dual-stator-winding, electromechanical systems, ports, 
review. 

I. INTRODUCTION 

LECTRICAL MACHINES have been widely accepted as the 

physical devices to accomplish continuous 

electromechanical energy conversion. In this respect, an 

electrical machine is described as a coupled field with at least 

one electrical port characterized by its terminal voltage and 

current, and one mechanical port characterized by its torque 

and angular speed (for rotary machine) or force and moving 

speed (for linear machine) [1]. An electrical port is defined as a 

set of windings that allows the bidirectional flow of electrical 

power. Similarly, a mechanical port is defined as a degree of 

freedom (DOF) of motion that allows the bidirectional flow of 

mechanical power. For rotating machines, the mechanical shaft 

is the mechanical port.  

Fig. 1 shows the multi-input and multi-output model of 

electrical machines. Most traditional electrical machines 

pertain to the single-input single-output configuration which 

only compasses one electrical port and one mechanical port 

(m=1, n=1), such as the ordinary direct current machine 

(DCM), three-phase synchronous machine (SM) with 

permanent magnet (PM) or wound field excitation, three-phase 

squirrel-cage induction machine (IM), three-phase variable 

reluctance machine (VRM), etc. However, other types with 

more than one electrical port (m>1) or mechanical port (n>1) do 

exist, such as dual-mechanical-port (DMP) electric machines 

[2], the slip-ring doubly-fed induction machine (DFIM) [3], 

dual-stator-winding IMs [4], and brushless doubly-fed 

induction machines (BDFIMs) [5], to name just a few.  

Generally speaking, the number of electrical ports and 

mechanical ports is arbitrary and only depends on the specific 

application. The additional electrical ports can be used to 

increase the power rating, enhance the fault tolerant capability 

or control the motion/power flow. The mechanical ports are 

commonly used to decouple the motion/speeds/torques. 
 

 
Fig. 1  Multi-input multi-output model of electrical machines. 
 

With the steady improvement of level of electrification 

globally, multi-port electrical machines have experienced rapid 

developments in terms of available topologies, analysis and 

design techniques, and control strategies to meet the increasing 

needs of power conversion, transfer, hybrid, split, recovery 

and/or multiple forms of motion at the same time in a wide 

range of applications during the past decades, as summarized 

below (including but not limited to): 

 Machine tools; 

 Robotics; 

 Electric vehicles (EVs) and hybrid EVs (HEVs); 

 Electric ship propulsion; 

 More electric aircraft; 

 High power industrial drive; 

 Rail transportation; 

 Highly-reliable wind power systems; 

 Dc/ac/hybrid dc and ac micro-grids. 

A. Historical Review of Multi-Port Machines 

As early as late 1920s, Alger et al. introduced the 

dual-winding structure, i.e., the dual electrical port (DEP) 

feature, to increase the total power capability of large 

synchronous generators [6]. Franklin used this construction to 

obtain simultaneous ac and dc outputs in 1973 [7]. This DEP 

concept was later incorporated into IMs to improve the torque 

waveform of six-step inverter fed drive (1974) [8], the fault 

tolerant capability (1994) [9] and the torque density (2002) 

[10].  

Researchers in 1950s paid much effort to the performance 

and stability analysis of slip-ring DFIM with double supply 

attempting to achieve speeds higher than the synchronous one 

determined by the supply frequency [11]. The urgent need for 

variable speed operation of IMs (stepped or stepless) sparked 

the idea of cascading two DFIMs, based upon which Smith 

discovered the doubly-fed synchronous operation of brushless 

doubly-fed machines (BDFMs) in 1967 [12]. To save space and 

simplify the winding fabrication process of the cascading 
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construction, Broad and Burbridge invented what has been later 

called BDFIM and brushless doubly-fed reluctance machine 

(BDFRM) in the early 1970s [13], [14].  

Multi-DOF machines which have multiple DOFs of motion 

and are more often termed as actuators, like planar machines, 

linear-rotary machines and spherical machines mainly sprung 

up in 1980s to directly realize the complex motion without any 

mechanical transmission.  

Electrical machines and systems with practical DMP feature 

mainly appeared after 2000 driven by the rapid development of 

EV/HEV drivetrains. Specifically, in 2002, Eriksson and 

Sadarangani presented a split-power hybrid system by 

combining two concentrically-arranged PM machines (termed 

as four quadrant transducer (4QT)) to decouple the speeds and 

torques of two mechanical ports [15]. Hoeijmakers 

implemented a similar system with an IM-based DMP machine 

and named it as the electric variable transmission (EVT) in 

2004 [16]. Xu systematically analyzed the basic structures and 

operational principles of this multi-port machine family with 

two electrical ports and two mechanical ports and developed 

the concept of DMP machine [2]. Since then, research scientists 

and engineers from all over the world have conducted extensive 

research on various multi-port topologies. 

B. Scope and Classification 

To date, quite a number of electrical machine topologies 

have been reported to fall into the category of multi-port 

machines, and various terminologies, such as doubly-fed, 

doubly-excited, dual-stator-winding, dual-rotor, etc., have been 

used to characterize and discriminate them from the 

single-electrical-port (SEP)+single-mechanical-port (SMP) 

machines. 

This paper makes an extensive overview of the multi-port 

electrical machines featuring multiple rotors and/or multiple 

windings, mainly including the DEP+SMP machines (slip-ring 

DFIMs and various brushless versions, the dual-stator-winding 

machines), the SEP+DMP machines (the PMIM, the machine 

integrated PM gear (PMG), and the magnetically-geared 

dual-rotor machine (DRM)), the DEP+DMP machines (various 

conventional and newly-emerged EVTs), the 

multiple-electrical-port (MEP) machines (e.g., multiphase 

machines with multiple three-phase or five-phase winding sets) 

and multi-DOF machines. Extended configurations, like the 

multi-machine systems are also considered. Machines with 

electrical excitation and hybrid excitation are excluded from 

the scope of this overview because the dc-excitation coils are 

not effective electrical ports. The detailed classification of 

electrical machines by numbers of electrical and mechanical 

port is shown in Fig. 2.  

This paper is organized as follows. Section II, III, IV deal 

with the DEP+SMP, SEP+DMP, and DEP+DMP machines 

respectively. MEP machines and multi-DOF machines are 

discussed in Section V and Section VI, followed by the 

multi-machine systems in Section VII. Section VIII concludes 

the paper and predicts future development trends. 

 
Fig. 2  Classification of electrical machines. 

II. DEP+SMP MACHINES 

DEP+SMP machines have two sets of physical winding 

involved in the electromechanical energy conversion, whose 

numbers of phases and pole pairs can be the same or different. 

The electrical angular frequencies of the two winding sets are 

denoted by ω1 and ω2 respectively. Moreover, it is assumed that 

ω1(ω2) is positive if the rotating direction of the magnetomotive 

force established by the corresponding winding set is 

anti-clockwise, otherwise it is negative. The pole pairs are p1 

and p2. The synchronous speed of rotor in rad/s is denoted as ωr. 

A. Slip-Ring DFIM 

The supply frequencies and the rotating speed of the slip-ring 

DFIM satisfy: 

1 2 1 2r rp p                                     (1) 

The DEP feature allows the slip-ring DFIM to be configured 

as singly-fed IM (one of the two electrical ports is 

short-circuited directly or through resistances), wound-rotor 

SM (one of the two electrical ports is connected to a dc source, 

i.e., ω1=0 or ω2=0) or DFIM (both electrical ports are supplied 

by ac sources, i.e., ω1≠0 and ω2≠0), adding flexibility in the 

drive system design. 

When operated as a DFIM, it can further be configured in 

SEP or DEP control mode. Fig. 3 shows the SEP control 

configuration which enables the bidirectional flow of slip 

power while keeping the frequency of one electrical port 

constant regardless of the speed variation; so it is quite suitable 

for limited-speed range applications where variable speed 

constant frequency is required and the rating of power 

converter needs to be minimized, such as wind power 

generation [3] and flywheel energy storage [17]. 
 

 
Fig. 3  SEP control configuration of DFIM. 
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To achieve the full-speed-range operation of a SEP control 

configuration, the power converter has to be rated fully so the 

benefit of low cost due to partially-rated power electronics is 

lost. Alternatively, the power connection to the stator can be 

switched on the fly between a constant dc and constant voltage 

constant frequency ac supply, which yields the so-called 

switched DFIM, as depicted in Fig. 4. A typical switched DFIM 

drive can continuously operate over a speed range of ±1.5 p.u. 

(normalized relative to the ac source synchronous speed) with a 

rotor converter rated only 1/3 of the maximum shaft power 

[18]. In addition, the switched DFIM drive can offer seamless 

interface to the ac grid with controllable power factor and 

reactive power support [19]. The bumpless switching can be 

realized by low-cost silicon controlled rectifiers (SCRs) [20].  

The switched DFIM drive has two modes of operation: 

low-speed mode and high-speed mode. In low-speed mode, the 

stator of the slip-ring DFIM can be either short-circuited to 

form an inverted singly-fed IM [21] or connected to a dc supply 

and the machine is equivalent to an inverted wound-rotor SM 

[22]. In high-speed mode, the stator of the switched DFIM is 

connected to the ac supply and the rotor winding is driven by a 

back-to-back converter. The switched DFIM can be controlled 

to achieve smooth operations in and through the two modes. A 

holistic comparison between these two low-speed 

configurations was conducted showing that the sharing of the 

magnetizing current between the stator and the rotor, tolerance 

on the structural noise and vibration have a significant 

influence on the choice of the preferable switched DFIM 

topology [23]. 
 

 
Fig. 4  The switched DFIM drive. 

 

On the contrary, the DEP control configuration, as illustrated 

in Fig. 5, changes inputs of both electrical ports simultaneously 

to achieve extended speed range with rated torque capability for 

full-speed-range applications [24], [25]. 

 
Fig. 5  DEP control configuration of DFIM. 

The rotor voltage requirements, which also reflect the 

volt-ampere rating of the power electronics versus speed ranges 

of different DFIM configurations are summarized in Fig. 6.  
 

 
Fig. 6  The rotor voltage requirements of different DFIM configurations. 
fbg: SEP control of DFIM for limited-speed-range application; dbe: SEP 
control of DFIM for full-speed-range application; oabc: switched DFIM; 
oe: DEP control of DFIM. 

B. Dual-Stator-Winding Machines 

The dual-stator-winding machines hereto refer to 

squirrel-cage induction/synchronous (PM or 

wound-field)/variable reluctance machines equipped with an 

extra stator winding set. The airgap field modulation 

phenomenon in dual-stator-winding machines discussed in this 

section is synchronous [26], that is, the short-circuited coils, 

simple salient reluctance blocks or multiple flux barriers make 

no change to the principal pole pair number of magnetizing 

magnetomotive force. Different from the classification in [4], 

the BDFIM with a nested-loop rotor is excluded from the 

dual-stator-winding IM considering the difference in working 

principle rather than the similarities in physical construction. 

All dual-stator-winding machines make it possible to extend 

the power range of the drives beyond the power capability of a 

single inverter. Additionally, the inherent redundancy provides 

better reliability.  

The steady-state relationship between supply frequencies 

and mechanical rotating speed under synchronous operation 

can be summarized as 

1 1 2 2 rp p                                   (2) 

For the dual-stator-winding IMs, the pole pairs of the two 

stator windings can be the same or not because the die-cast 

squirrel-cage rotor is a passive device and its pole pair 

completely depends on the stator windings. In contrast, for the 

dual-stator-winding SMs/VRMs, the pole pairs of the two stator 

winding sets should be identical.  

The two distributed stator windings are wound for the same 

number of poles in the first design among which machines with 

two three-phase winding sets may be the most popular 

configurations. The two three-phase stator winding sets can be 

electrically displaced from each other by an electrical angle of 

0º (usually termed as dual three-phase IM) [27], 30º 

(asymmetrical six-phase IM) [28-36] or 60º (symmetrical 

six-phase IM) [27], [37], though theoretically an arbitrary 

displacement is viable [8]. The neutral points of the two 

three-phase winding sets can be either connected together or 

isolated, showing differences in control of zero sequence 

current (e.g., zero sequence current can be made full use of to 
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enhance the torque production under healthy [10] or faulty 

conditions [33]) and dc-bus utilization [38]. IMs with dual 

stator-winding sets, especially the asymmetrical six-phase IMs, 

are conventionally used for variable speed drive where 

fault-tolerant operation is required or volt-ampere rating per 

three-phase winding set is constrained. Recent explorations of 

using dual three-phase-winding IMs in wind energy conversion 

system with fully-rated power converter [31], integrated 

onboard battery chargers for EVs [39], dc [40], ac [41], or 

hybrid dc and ac [32] micro-grids show the promising prospect 

of such machines in electric energy conversion and transfer. 

In the other design, the two stator windings are wound for 

different pole numbers with no displacement between them. 

Appropriate pole pair combination (3:1) and operation mode 

(synchronous operation) allow a significant torque density 

improvement of this dual-stator-winding IM design [42]. When 

used as a generator, it can generate two different voltage levels, 

which can be further used to boost the current capacity (outputs 

in parallel connection) and voltage level (outputs in series 

connection) [43]. 

Compared with the dual-stator-winding IMs, the 

dual-stator-winding PMSMs are marginally dealt with. 

Research on the dual-stator-winding PMSMs focuses on the 

enhancement of fault-tolerant capability by means of improved 

design, for instant, using the fractional-slot concentrated 

windings [44], or fault-tolerant control strategies [45], [46]. 

The measured dynamic performance under one-phase (phase 

D) open-circuit fault for a T-type neutral point clamping 

(T-NPC) dual-stator-winding PMSM drive is shown in Fig. 7. 

The periodic torque ripple of faulty winding Te2 can be well 

compensated by the healthy winding torque Te1, and the 

electromagnetic torque in post-fault operation can accurately 

track its reference value. 
 

   
                            (a)                                                   (b) 

 
                            (c)                                                   (d) 

Fig. 7  Measured drive performance under one-phase (phase D) 

open-circuit fault with fault tolerant control: (a) Currents of phase A, B, C 

and D; (b) Currents of phase A, B, E and F; (c) Torque; (d) Transient 

performance [46]. 

The dual-stator-winding feature has also been applied to 

other machine topologies to bring about new DEP+SEP 

machines with fault-tolerant capability and high reliability, 

such as the synchronous reluctance machine [47] and switched 

reluctance machine [48]. 

C. BDFM 

BDFMs, the brushless versions of the slip-ring DFIM, work 

by two distinct operation principles, that is, cascading and 

modulation. The cascading types can be achieved by cascading 

another slip-ring DFIM [12], a rotary transformer [49] or a 

rotary power converter [50] (at the same time with shafts 

mechanically coupled) to transfer power between rotating rotor 

winding and stationary control ports, as shown in Fig. 8. 

The modulation type employs the asynchronous modulation 

behaviors of the specially-designed rotors (Nr = p1±p2, where p1 

and p2 are the principal pole pair numbers of stator windings 

and Nr number of modulation segments) to couple both stator 

windings indirectly to realize electric power transfer and 

conversion among two electrical ports and the mechanical port. 

The available rotor constructions are nested-loop rotor [13], 

simple-salient-pole rotor [51], axially-laminated-anisotropic 

rotor and multi-barrier rotor [14], as illustrated in Fig. 9. 
 

 
Fig. 8  BDFMs working by the principle of cascading: (1) cascading 

another DFIM, (2) cascading a rotary transformer, (3) cascading a rotary 

power converter. 

 

 
Fig. 9  BDFMs working by the principle of modulation: (1) nested-loop 

rotor, (2) simple salient-pole rotor, (3) axially-laminated anisotropic rotor, 

(4) multi-barrier rotor. 

 

Though these topological variations differ from each other 

significantly in mechanical construction and electromagnetic 

parameters, they share similar dynamic and steady-state models 

[52-54], modes of operation and available operating regimes 
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[55].  

Both types comply with the steady-state relationship 

between supply frequencies and mechanical rotating speed 

under doubly-fed synchronous operation as given by 

 1 2 1 2eq r rp p p                           (3) 

where peq=p1±p2 is the equivalent pole pair of BDFM. Plus sign 

in (3) is used if the two rotor windings of the cascading type are 

interconnected in reversed phase sequence or the number of 

modulation segments of the modulation type is made the sum of 

the pole pairs of two stator windings; otherwise minus is used. 

The sign between ω1 and ω2 is determined by the rotor 

structure. 

The mutual reactance, which reflects the cross-coupling 

capability of BDFMs, is nearly constant in the full speed range 

except in the vicinity of the synchronous speed of PW if rotor 

winding exists. The cross-coupling characteristics of a 

dual-stator BDFIM in both current and voltage control modes 

are shown in Fig. 10(a) and (b) respectively [56]. 
 

 
                          (a)                                                     (b) 

Fig. 10  Cross-coupling characteristics of DS-BDFIM [56]. (a) Current 

control mode, (b) Voltage control mode. 

 

With this nearly linear cross-coupling feature, the 

approximately decoupled active-reactive power control can be 

realized. The typical stator-flux-oriented control (SFOC) block 

diagram of BDFMs is shown in Fig. 11(a) [54], [57-59]; the 

step responses of independent active and reactive power control 

are shown in Figs. 11(b) and (c) respectively [59]. 

Substantial knowledge on BDFMs has been generated from 

the past decade's exhaustive research, which may be 

summarized as follows: 

 Topological analysis of airgap field modulation 

phenomenon in BDFMs [26], [60], [61]; 

 Emergence of new or improved machine topologies for 

higher torque density and/or efficiency [49], [50], 

[62-64]; 

 Modeling and performance analysis taking into account 

the influence of harmonics, saturation and iron loss 

[65-68]; 

 Design optimization considering the multi-port and 

multi-harmonic feature [58], [69-71]; 

 Dynamic modeling and fundamental control, mainly for 

the cascading type and BDFIM due to their complex 

construction [72-80]; 

 Control strategies and performance evaluation in 

stand-alone [81-83] and grid-connected wind power 

scenarios, especially on low-voltage ride-through 

(LVRT) [84-86], unbalanced or grid-fault conditions 

[57], [87], [88], etc. 

 Exploration in sensorless operation [89-92]. 

Several large BDFMs have been built and tested as the 

milestones on the way to multi-megawatt BDFM-based power 

generation systems (e.g. the Cambridge 250 kW BDFIM [85], 

[86]). BDFMs are unique carrier for the research of 

widely-observed airgap field modulation phenomenon and 

behaviors of asynchronous spatial harmonics which is of great 

theoretical significance for electrical machinery. Nonetheless, 

technically, the relatively low torque density and efficiency, 

poor quality of output voltage and additional vibration (for the 

modulation type) pose tough challenges on its potential 

commercialization. 
 

 
(a) 

 
(b)                                               (c) 

Fig. 11.  SFOC of BDFM. (a) Block diagram [54], [57-59], (b) Step 

change in active power (100 ms/div) [59], (c) Step change in reactive 

power (100 ms/div) [59]. 

III. SEP+DMP MACHINES 

A. PMIM 

The PMIM makes use of an additional free-rotating PM rotor 

inside the cage rotor, outside the cage rotor or between the 

stator and the cage rotor of an IM to reduce the magnetizing 

current and consequently improve the overall power factor and 

efficiency [93]. Though it has two mechanical ports, the PM 

rotor is set free and only the cage rotor serves as the active 

mechanical port. Therefore this SEP+DMP topology is usually 

used as a SEP+SMP machine, as indicated by  

sw sw ir ir or or

sw ir or

p p p

p p p

   


 
                           (4) 

where ωsw, ωir and ωor are synchronous speed of stator winding, 

inner rotor, and outer rotor, respectively. psw, pir, and por are 

pole pairs of stator winding, inner rotor and outer rotor, 

respectively.  

A typical topology with PM rotor between the stator and the 

squirrel-cage rotor is depicted in Fig. 12(a). It was once 

investigated as an alternative solution for direct-drive wind 

power harvesting [94]. The electrical equivalent circuit, as 

illustrated in Fig. 12(b), takes into account the core loss as well 

as the PM excitation and was derived for accurate performance 
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prediction [95]. It was found that the built-in PM rotor could 

decrease the magnetizing inductance and the effective turn ratio 

thus providing a higher power density [96]. Combined with an 

extra PM rotor, the PMIM essentially works likes an improved 

squirrel-cage IM so that the speed range as a direct 

grid-connected generator is still rather limited [97]. 
 

  
                  (a)                                                              (b) 

Fig. 12  The PMIM, (a) Topology, (b) Electrical equivalent circuit for 

steady-state analysis [96]. 

 

A dual-rotor radial-flux toroidally wound PM machine was 

proposed to substantially improve the torque-to-volume ratio 

and efficiency [98]. The pole pairs and synchronous speeds of 

the two rotors are identical so they are fixed together to drive a 

common shaft. A similar vernier type and SRM were presented 

in [99] and [100] respectively. 

B. Machine Integrated PMG 

The concept of integrating a PMSM with a coaxial magnetic 

gear was first described by Venturini in 1993 [101]. Mainly two 

topologies have been investigated, that is the magnetic-geared 

outer rotor PM machine [102] (also termed as machine 

integrated PMG [103]) shown in Fig. 13(a), and the "pseudo" 

direct-drive machine [104] shown in Fig. 13(b).  

Taking the outer stator type as an example, theoretically, it 

has two mechanical ports (two rotating parts) and an electrical 

port (the stator winding). The mechanical speeds are 

constrained by 

 0

sw sw ir ir

ir ir spm ir spm or

p p

p p p p

 

 




   

                 (5) 

where pspm is the pole pairs of PMs mounted on the rotor. 
 

  
                          (a)                                                     (b) 

Fig. 13  The machine integrated PMG. (a) Outer rotor type, (b) Outer 

stator type. 

 

Similar to PMIM, one of the two mechanical ports is usually 

set free and the whole machine degrades into a SEP+SMP 

topology. 

The machines shown in Fig. 13 are conventionally conceived 

suitable for low-speed high-torque applications. An attractive 

torque density (>60 kNm/m3) at a high power factor (≥0.9) was 

reported for a naturally air-cooled machine integrated PMG 

[104]. In addition, they are much easier to reach saturation even 

with a low armature current, resulting in a lower overload 

capability and utilization of PM materials. Recent research 

results show that they also have high potential in EVs as a 

traction motor by carefully designing the decoupling of the 

magnetic gear, PMSM and the leakage inductance, improving 

the mechanical design and reducing the rotational losses [105]. 

The experimentally verified torque density in terms of active 

volume reaches 99.7 kNm/m3 [106]. No commercial 

applications of the machine integrated PMG have yet emerged 

probably due to the expectations for better performances, easier 

manufacture and lower cost. 

C. Magnetically-Geared DRM 

The magnetically-geared DRM has two active rotating parts 

(mechanical ports) and a stator winding set (electrical port) 

located in the stator slots, as shown in Fig. 14(a). Based on the 

analogy between the magnetically-geared DRM and the 

mechanical planetary gear, the magnetically-geared DRM can 

be applied in HEVs to replace the planetary gear and the 

generator [107]. Under this circumstance, the mechanical 

power outputted by the internal combustion engine (ICE) will 

be split into two parts. The first part is directly transferred to the 

drive axle by the inner rotor and the second part is converted 

into electric power by the stator winding to supply the motor 

and charge the battery as well. 

The mechanical speeds of the three parts are subjected to the 

following relationships: 

1ir ir

sw ir or

sw sw

p p

p p
  

 
   

 
                         (6) 

where Nor is the number of ferromagnetic segments and 

Nor=psw+pir. Ts, Tir and Tor are electromagnetic torques acted on 

stator, inner rotor and outer rotor respectively. The 

magnetically-geared DRM can decouple the rotating speeds of 

the two mechanical ports with torque constraints. The 

proportional torque relations have been demonstrated by 

steady-state tests on a prototype, as shown in Fig. 14(b) [108]. 
 

 
                     (a)                                                           (b) 
Fig. 14  Fundamentals of the magnetically-geared DRM, (a) 
Cross-section view,  (b) Experimental steady-state torque relations 
(Torque: 25 Nm/div, Speed: 500 r/min/div, psw =2, pir = 4, Nor = 6) [108]. 
 

The speed/torque control of the magnetically-geared DRM is 

nearly the same except that the effective magnetic field 

component produced by the asynchronous modulation behavior 

of the modulation ring should be oriented according to the 

measured positions of two rotors [109]. The control block 

diagram of the vector control of the magnetically-geared DRM 

is shown in Fig. 15. 
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An engineering prototype with complementary structure (51 

Nm at 2250 r/min, water cooled) was designed, optimized, 

fabricated and tested together with a 1.0 L naturally aspirated 

ICE (71 Nm at 3000-3500 r/min, 34.7 kW at 5200 r/min) and a 

traction motor (200 Nm at 1500 r/min) [109], [110]. The 

electromechanical energy conversion efficiency tested when 

ICE is turned off and the magnetically-geared DRM operates in 

generating mode is shown in Fig. 16(a). It can be seen that the 

magnetically-geared DRM is definitely not a good energy 

converter in terms of efficiency. However, as a power split 

device, the efficiency is attractive especially in the region 

around direct drive where the speeds of ICE and traction motor 

are close, as shown in Fig. 16(b). A good choice of the direct 

drive speed can result in a rather efficient power transmission. 
 

 
Fig. 15  Vector control of the magnetically-geared DRM [108]. 

 

   
                          (a)                                                        (b) 

Fig. 16  Efficiency maps of the magnetically-geared DRM based power 
split device [108]. (a) Electromechanical energy conversion efficiency 
(PICE = 0, the magnetically-geared DRM works as a generator), (b) 
Power split efficiency (constant engine speed 2800 r/min with varying 
vehicle speed). 
 

Considering the fact that the modulation efficiency of 

multi-barrier modulator is generally higher than that of the 

simple-salient-pole modulator [26], a topology was proposed to 

improve the torque density and utilization of PM materials 

[111]. It interchanges the positions of the PM rotor and the 

modulation ring, and replaces the simple-salient-pole 

modulator with the multi-barrier one. 

IV. DEP+DMP MACHINES 

In existing literature, DEP+DMP machines together with the 

associated power electronics are referred to as "4QT" [15], 

"EVT" [16] or "DMP machine" [2]. They have been invented to 

serve as power split devices in HEVs to split the power to the 

wheels in a part directly coming from the ICE and a part 

exchanged with the battery. Different from the 

magnetically-geared DRM, the DEP+DMP machine combines 

the power split and the two electrical machines into one 

electromagnetic device. 

The DEP+DMP machines consist of a wound stator, a wound 

inner rotor (with brushes and slip-rings) and an outer rotor, 

which may have a dual-layer PM array [15], a single-layer PM 

array [2], a dual-layer squirrel cage [16] or a single-layer 

squirrel cage [112], as shown in Fig. 17(a)-(d) respectively. For 

the dual-layer rotor topologies, the thickness of the yoke of the 

outer rotor has a significant influence on the coupling between 

the stator and inner rotor windings. In practice, the outer rotor 

yoke of the dual-layer PM rotor EVT is usually designed thick 

enough to achieve decoupled control of the outer machine 

(stator + outer rotor) and the inner machine (outer rotor + inner 

rotor) [113], which resembles that of the conventional PMSM. 

While the yoke thickness of the outer dual-layer squirrel-cage 

rotor is made thin to reduce weight and volume so the inner 

machine and outer machine are not magnetically separated 

anymore [16] and the electromagnetic behavior of the EVT 

differs from two IMs a lot. The coupling also exists in two 

single-layer rotor topologies, which complicates the modeling 

and control [114], [115]. Hybrid-excited outer rotor has been 

recently introduced to change the stator flux while maintaining 

the inner rotor flux unchanged aiming at reducing iron losses 

when the stator torque is low [116]. The power split function 

can also be performed by a switched reluctance DEP+DMP 

machine [117]. The rotating speeds and supply frequencies in 

these synchronously modulated EVT are subject to the 

following relationships: 
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                         (7) 

As indicated by (7), the electrical frequencies of stator and 

inner rotor need to be controlled simultaneously to synchronize 

the different magnetic fields to one unique rotating field. 
 

                  
                                (a)                                           (b) 

                  
                               (c)                                             (d) 

Fig. 17  Variations of EVT. (a) Dual-layer PM rotor, (b) Single-layer PM 

rotor, (c) Dual-layer squirrel-cage rotor, (d) Single-layer squirrel-cage 

rotor. 

 

Multiple operation modes required by practical HEVs have 

been demonstrated to be available using a single-layer PM rotor 

EVT in [118]. The corresponding control block diagram is 

shown in Fig. 18. The concentric arrangement of two rotors and 
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the high-frequency deep-slot feature [119] of inner rotor poses 

new challenges on the design of cooling system [120], [121] 

and mechanical reliability [122], implying that EVTs should be 

designed in a multiphysics framework [123].  

A procedure to define the technical requirements of an EVT 

was presented in [124]; it was based upon a comparative study 

between the well-known Prius II and a virtual EVT-based HEV 

built with the same components and has shown comparable fuel 

consumptions [125]. The transmission efficiency of the 

DEP+DMP machine is higher than the magnetically-geared 

DRM [126]. The rules to choose the direct-drive speed also 

applies to DEP+DMP machines because the transmission 

efficiency decreases remarkably as the speed deviates from the 

direct drive point. 
 

 
Fig. 18  Block diagram of PM DMP machine system (p=p1=p2) [118]. 

 

A different arrangement of DEP+DMP machine (fractional 

horse power) using two asynchronous magnetic fields to drive 

two independent output shafts for variable-speed air 

conditioners was proposed in [127]. It makes full use of the 

thick stator yoke and dissimilar pole pairs to decouple the outer 

machine from the inner machine, thus being usable as a 

brushless EVT. A number of EVT topologies working by 

asynchronous modulation have also been proposed recently 

[128], [129].  

V. MEP MACHINES 

The electrical port number of DEP+SMP and DEP+DMP 

machines can be further extended to be larger than 2 (i.e., m ≥ 

3). The commonest MEP machines are multiphase electrical 

machines (symmetrical or asymmetrical) with m winding sets 

and k phases per winding set, where k is a prime number, and 

(2) still holds true for any two of the winding sets [130]. In 

addition, each winding set can be star-connected with a single 

neutral point or m isolated neutral points, polygon-connected or 

even totally open-end [130-132] in principle. So far, quite a few 

MEP machines have been put into practical applications, such 

as the triple three-phase PMSM for an ultrahigh-speed elevator 

[133], the quadruple three-phase SM for high-power 

turbo-compressor drive [134], the triple five-phase IM for 

electric ship propulsion [135] and the PM brushless machines 

with a multitude of independent modules in parallel [136], 

[137], etc. 

VI. MULTI-DOF MACHINES 

Multi-DOF machines, mainly including the planar machine, 

the linear-rotary machine and the spherical machine, are 

invented to eliminate the intricate mechanical transmission in 

combined multiple single-DOF machines based on classical 

IM, PMSM and VRM. The moving components are usually 

made to be dual-layer and comprise of a conducting layer and 

either a back iron for IM, or surface-mounted for PMSM and or 

a simple-salient-pole for VRM, considering the ease of 

manufacture. They all feature multiple winding sets for 

position/orientation/speed/torque control and multiple DOFs of 

motion, and have the merits of high mechanical integration, 

high reliability and complete controllability. 

A. Planar Machine (2/3-DOF) 

Planar motors are described as 2-DOF (the translation 

coordinates x and y) or 3-DOF (including the rotation 

coordinate φz). Much attention has been paid on the planar 

PMSMs, which have moving magnets and stationary coils 

[138], or moving coils and stationary magnets [139]. The 

moving-magnet planar PMSM needs no cable to the mover and 

only the coils below and near the periphery of the magnet array 

can produce force while the moving coil type seems more 

suitable for long stroke applications since the movers can move 

freely. 3-DOF planar induction machines (PIMs) were usually 

achieved by combining at least three linear or curved IM 

modules [140-142].  

B. Linear-Rotary Machine (2-DOF) 

The linear-rotary machine has two DOFs (the translation 

coordinate z and the rotation coordinate φz), so it is also termed 

as the z-φz module. It has wide applications in the manufactures 

of mechanical tools such as robots for chip production lines, 

robotic arms, injection machines, and boring machines, where 

linear, rotary or helical motions are required.  

Generally, there are three types of z-φz modules, that is, 

 A linear machine drives a trolley which holds a rotary 

machine [143]; 

 The moving parts of the spatially separated linear and rotary 

machines drive the same shaft [144], [145]; 

 The linear and rotary machines overlap each other in space. 

For example, the design in [146] consists of a checkerboard 

magnet array mover and a common stator equipped with 

two orthogonal winding sets (one oriented in the 

circumferential direction and the other axial). 

C. Spherical Machine (2/3-DOF) 

The spherical machine can be dated back to 1955, when 

Williams and Laithwaite developed a spherical IM (SIM) to 

achieve the continuous variable speed operation of utility 

supplied squirrel-cage IM by adjusting the mechanical angle θ 

between the moving directions of the rotor and the traveling 

magnetic field established by a curved inductor [147], as shown 

in Fig. 19. Following the idea presented in [147], a 2-DOF SIM 

composed of a two-layer rotor and five curved inductors (four 

1-DOF side-inductors and one 2-DOF inductor with crossed 

windings below the rotor) was developed to achieve unlimited 
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angular range [148]. By relocating the four curved inductors, a 

3-DOF SIM can be achieved. Owing to the angular velocity and 

orientation sensed by four optical mouse sensors, the closed 

loop control was realized [149], showing fast dynamic 

responses in both angular velocity and position control. The 

corresponding control block diagram is shown in Fig. 20. 

Research on other available SIM topologies is also ongoing. 

A meaningful exploration was the shell-like SIM using zenithal 

traveling field produced by azimuthal-oriented windings which 

can significantly ease the assembly by reducing the overlapping 

of end turns [150]. 

A spherical PM machine composed of an entire 

surfaced-mounted PM spherical rotor and stator-mounted coils 

have been developed to achieve either 2-DOF or 3-DOF motion 

[151]. A design with variable pole pitch (112 rotor PMs and 96 

concentrated stator poles) was implemented to achieve high 

torque (≥40 Nm) with a good position accuracy [152]; 

however, the large number of current commands complicates 

the control system design. The control of the orientation of a 

continuously rotating shaft was for the first time realized on a 

special spherical PM VRM in an open-loop fashion [153].  
 

 
Fig. 19  The spherical induction motor. 

 

 
Fig. 20  Control block diagram of the spherical induction machine. 

VII. MULTI-MACHINE SYSTEMS 

Electrical ports of different machines can be connected in 

series [154], parallel [155], or cascade [156] to form new 

systems. Similarly, mechanical ports can also be mechanically 

coupled via torque or speed [157], [158] or completely 

independent [159]. This flexibility in configuration brings the 

multi-machine systems with additional benefits over 

conventional SEP+SMP machines, such as better torque-speed 

characteristics and efficiency [157], [158], [160], lower system 

cost [161-164] and enhanced fault-tolerance [165], etc.  

VIII. CONCLUSION AND FUTURE TRENDS 

The concept of multi-port electrical machine is introduced to 

discriminate a whole host of emerging machine topologies 

from the conventional single-input single-output machines. 

Benefiting from the multiple input/output ports, the multi-port 

machines have significant flexibility in drive system design, 

leading to more application-adapted and effective solutions for 

various application scenarios. On the one hand, the multi-port 

feature allows more flexible power flow and more efficient 

system energy conversion and/or transfer; on the other hand, it 

poses more challenges on the operation control and mechanical 

reliability due to highly-integrated design and assembly. The 

multi-port machines share the same basic working principles as 

their single-input single-output counterparts, that is, the 

principles of SM, IM and VRM. They can be developed from 

the basic single-input single-output topologies by means of 

cascading or modulation.  

The multi-port feature produces more DOFs for controller 

design and the development of multi-port machines 

significantly depends on the progress in modern power 

electronics, advanced control techniques, advanced 

manufacturing, sensing, etc. 

To conclude, both the academic and industrial communities 

have witnessed the rapid development of the multi-port 

electrical machines during the past decades. Some have already 

been put into commercial use on a large scale, some are on the 

research and development stage, and others are under extensive 

academic research. For example, the slip-ring DFIM has been a 

predominant solution for wind turbine and high-power drive. 

The Tesla dual-motor drive system has become really a 

milestone for pure EVs. In addition to these successful 

commercial products, the EVT and BDFMs are nearly on the 

market. The majority of the rest remains to be developed and 

more investigations are underway. There is every reason to 

believe that the multi-port electrical machines and systems will 

play an irreplaceable role in efficient and intelligent utilization 

of energy today and in the near future. 

Based on the presented survey, the future development 

trends of multi-port electrical machines may lie in the following 

aspects: 

 Innovative design and multidisciplinary optimization of 

electromechanical energy conversion systems that can best 

fit the application scenarios and fully exploit the flexibility 

introduced by the multi-port feature. For instance, different 

from established EV traction technologies, the 

revolutionary "front + rear" dual-motor configuration 

adopted by the Tesla all-wheel drive P100D Model S 

employs two IMs with distinctly different torque-speed 

characteristics and efficiency maps to substantially boost 

the acceleration and distribute available electric power to 

maximize torque according to the road grip conditions and 

weight transfer in the car.  

 Multiphysics analysis of multi-port electrical machines and 

systems with an emphasis on structural reliability 

(especially for machines with DMP feature or multi-DOF 

machines), thermal design and electromagnetic 

compatibility design of associated drives. With the increase 

of the number of electrical and/or mechanical ports, the 

redundancy of electrical or mechanical components and the 

possibility of coupling among different components or 

multiple fields increase accordingly, which calls for more 

elaborated coupling analysis. The indirect coupling between 

Direction of 
motion of rotor

Shaft

Direction of 
motion of 

traveling field

Rotor

Stator 
(curved 

inductor)

θ

νs=νrcosθνr νs

Stator slots

Estimation of 
augular velocity

Frame rotation 
integrator

Higher level controller
(e.g. velocity/posture/ballbot lean angle controller)

Calculation of 
surface velocity

Torque command 
distributor

Vector 
controller

Surface 
velocity

Mouse 
sensor

Curved inductor

Rotor angular velocity Rotor posture

Rotor torque 
command τ 

Force output 
command fi

3-ph current

ωrot,i

Rotor

τ=A{fi}, {fi}=A+τ



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 

two stator windings of BDFMs mentioned in Section II-C 

and the cooling system design of DEP+DMP machines 

mentioned in Section IV are good examples. 

 New methods and tools for modeling, analysis and 

control of multi-port machines and systems. There is still a 

long way to go before multi-port electrical machines and 

systems grow as mature as the conventional single-input 

single-output counterparts. This might be primarily caused 

by higher system machine complexity and more diversified 

application needs. For instance, the spiral vector theory 

unifies the steady-state and dynamic analysis, thus may 

model multi-port electrical machine more effectively [55]. 

The general airgap field modulation theory may offer a new 

way for a better understanding of the working mechanism 

of multi-port machines [26]. Moreover, multi-port 

machines usually require unconventional converter 

topologies or flexible configurations of standard power 

converters, so the control schemes and/or pulse width 

modulation strategies for conventional machines will have 

to be extended or modified to well suit corresponding 

multi-port systems.  
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